Nanomedicine has begun to produce clinical successes in the first generation of engineered drug nanoparticles^[@R1],\ [@R2]^. Carbon nanotubes have seen widening application in biomedical research^[@R3]^, in part because of the potential to append a diverse set of ligands, including small molecules^[@R4]^, peptides^[@R5],\ [@R6]^, oligonucleotides^[@R7]^, radioisotopes^[@R8]^, monoclonal antibodies^[@R9],\ [@R10]^, and other targeting moieties. However, nanoparticle usage is limited by pharmacokinetics, and requires modifications to render them suitably water dispersible and biocompatible^[@R11],\ [@R12]^. Functionalization and dispersion imparts stability in aqueous environments and mitigates toxicity^[@R13]^. An important feature of covalently-functionalized SWNTs that allows their use as drug carriers is their extremely rapid clearance via renal glomerular filtration despite large molecular weights^[@R8],\ [@R14],\ [@R15]^. This clearance phenomenon has been termed 'fibrillar pharmacology'^[@R16]^ and contrasts with the pharmacokinetic profiles of globular proteins.

Typically, in systemic targeting of malignancies, drug delivery vehicles such as mAb or nanoparticles are appended with cytotoxic effectors such as chemotherapeutic small molecules or radioisotopes in a "single-step" process. However, prolonged plasma half-lives of the excess, unbound effector molecules (often exceeding 99.9% of injected species) increase toxicity. In contrast, a short circulation time for a "single step" delivery is problematic as it reduces the time in which a high enough concentration can be maintained in the bloodstream to drive tumour penetration and cell binding.

Two-step targeting ("pre-targeting") separates the slow, non-toxic tumour-targeting process from the necessary rapid clearance of the cytotoxic agent to achieve the desired pharmacokinetic goals^[@R17]^. In this approach, a long-circulating tumour selective agent, such as a monoclonal antibody, is first administered and allowed a sufficient circulation time to accumulate at the tumour and clear the bloodstream. This pre-targeting agent is followed by a rapidly cleared second-step agent, armed with cytotoxic or diagnostic effectors, that has a high-affinity for the initial agent. This interaction may involve streptavidin-biotin^[@R18]^, bispecific antibody-hapten^[@R19]^, oligonucleotide hybridization^[@R20]^, or covalent 'click' chemistry^[@R21]^ interactions. This approach allows for improved ratios of the cytotoxic or imaging agent in the tumour to that in the blood.

Previous successes of pre-targeting have not taken advantage of particulate or nanomaterial second-step vehicles as they typically clear the body slowly and accumulate in organs such as liver and spleen^[@R22],\ [@R23]^. Small molecules, such as biotin or an oligonucleotide, allow rapid excretion of the second-step reagent^[@R24]^, but are usually mono-substituted, limiting potency and sensitivity^[@R25],\ [@R26]^. SWNTs uniquely solve this problem as their structure allows for multiple appended cytotoxic moieties while still clearing rapidly^[@R10],\ [@R14]^.

We chose complementary 18-mer morpholino oligonucleotides to link SWNT vehicles and correspondingly modified monoclonal antibody pre-targeting agents as a high affinity, self-assembling linker strategy. Oligonucleotide base pairing is an attractive approach for binding of nanotubes to antibodies because oligo-modified SWNTs have been described previously^[@R27]^, and maintain their clearance^[@R7]^. If an oligo with a stabilized backbone is employed, such as with the morpholino DNA analogs^[@R20],\ [@R28],\ [@R29]^ used in this study, serum degradation^[@R30],\ [@R31]^ is prevented and hybridization occurs *in vivo*.

SWNT modification, hybridization and radiolabeling {#S1}
==================================================

The amine functionalized SWNTs ([Figure 1](#F1){ref-type="fig"}, Structure **1**) used in the current study were prepared from high-purity, arc-discharge or HiPCO produced SWNTs via covalent cycloaddition of azomethine ylides as described previously^[@R9],\ [@R14],\ [@R32],\ [@R33]^. This reaction attaches hydrophilic chains to the SWNT sidewalls, terminated with primary amines to serve as the attachment site for bifunctional radiometal chelates, fluorophores, and the morpholino oligonucleotide complementary to a modified antibody (cMORF). Using chelators appended in such a manner, we produced SWNT-cMORF-DOTA conjugates **(5)** that had been subsequently labeled to high specific activities, up to 25 Ci/g and 20 Ci/g when labeling with ^111^In and ^225^Ac, respectively. This represents a greater than 100-fold improvement in specific activity of the SWNT-cMORF compared to monoclonal antibodies^[@R10],\ [@R34]^, and demonstrates the potential for signal amplification with highly multivalent SWNT scaffolds.

HPLC of constructs **4, 5**, and **6** in both reverse phase and gel permeation systems demonstrated high purity, and the single peak observed had a spectrum consistent with SWNT appended with bis-aryl hydrazone linkages of λ~max~ = 354 nm ([Figure 1, c](#F1){ref-type="fig"}). The Raman spectrum of the amine functionalized SWNTs, **1**, was consistent with highly modified SWNTs, as in previous studies^[@R8],\ [@R14]^. Four different clinically useful human IgG1 antibody-MORF conjugates were used in this study: anti-CD33-MORF (Lintuzumab) (3.7 MORF per Ab), anti-CD20-MORF (Rituximab) (3.5 MORF per Ab), anti-A33-MORF (huA33) (4.2 MORF per Ab), and anti-CD19-MORF (4.6 MORF per Ab). This approach^[@R35]^ produced antibody-morpholino conjugates (mAb-MORF) that were \>95% pure of non-SWNT molecules, as measured by size-exclusion HPLC.

Hybridization of antibody-MORF with SWNT-cMORF was monitored with HPLC ([Figure S1, a--d](#SD2){ref-type="supplementary-material"}). The mAb-MORF conjugates alone had an elution time of \~18 minutes, which was consistent with a molecular weight of \~150,000Da based on protein standards. When the mAb-MORF (both anti-CD20-MORF and anti-A33-MORF) was incubated with the complementary SWNT-cMORF, the nanotube elution shifted to a high molecular weight band, and eluted at the void volume (12 minutes) ([Figure S1, b](#SD2){ref-type="supplementary-material"}). The column's molecular weight cutoff is 600 kDa, suggesting that multiple antibodies had hybridized to each SWNT, forming large, but still soluble, multimeric constructs. We performed a similar experiment with radiolabeled SWNT-cMORF-(^111^In)DOTA ([Figure 1](#F1){ref-type="fig"}, **6**), and monitored the elution of the isotope with a HPLC radiodetector, showing an identical pattern of results for SWNT-cMORF mixed with both anti-CD20-MORF and anti-A33-MORF. This confirmed that the assembly of these complexes was independent of the antibody used ([Figure S1, c](#SD2){ref-type="supplementary-material"}) and the presence of 100% human serum at 37°C ([Figure S1, d](#SD2){ref-type="supplementary-material"}). The dependence of the observed phenomenon on the MORF/cMORF hybridization, was demonstrated by blocking the nucleotide hybridization sites of the Ab-SWNT complex by addition of excess free cMORF.

Another approach to confirm the hybridization of the SWNT-cMORF conjugate and complementary mAb-MORF was to capture the radiolabeled SWNT-cMORF with protein A beads pre-bound to mAb-MORF ([Figure S1, e](#SD2){ref-type="supplementary-material"}). When radiolabelled SWNT-cMORF conjugates were incubated with protein A beads alone, only 1% of the nanotubes were captured by the beads. However, when complementary mAb-MORF was added to the SWNT-cMORF shortly before incubation, \~35% of the nanotubes were captured by the beads; capture was completely blocked by addition of excess cMORF to block nanotube hybridization sites on the antibody. Nearly identical binding was obtained in the presence of 100% human serum at 37 °C for 24 hours.

Self-assembly on pre-targeted cells and in mice {#S2}
===============================================

Three different cancer cell lines, Daudi (CD20^+^ B-cell lymphoma), HL60 (CD33^+^ myelocytic leukemia), and LS174T (A33^+^ colon adenocarcinoma) were employed to show that the SWNT-cMORF self-assembles onto tumour cell surfaces pre-treated with specific mAb-MORF conjugates containing the complementary oligonucleotide sequence. These were pre-targeted by anti-CD20 (Rituximab), anti-CD33 (Lintuzumab), and anti-A33 monoclonal antibodies respectively ([Figure 1](#F1){ref-type="fig"}, **4**). The SWNT self-assembled onto all three cell types with high specificity ([Figure 2, a--d](#F2){ref-type="fig"}). The binding was abrogated when blocked with excess cMORF and there was little binding to cells treated with isotype control mAb-MORF. Similar binding was confirmed across a range of conditions, at temperatures of 4, 25, and 37°C as well as in 100% human serum, confirming that MORF/cMORF hybridization onto cells will occur in physiological, laboratory, and storage conditions.

An avidity estimation was performed targeting Daudi cells with anti-CD20-MORF, HL60 cells with anti-CD33-MORF, and LS174T with anti-A33-MORF ([Figure 2](#F2){ref-type="fig"},) showing an apparent dissociation constant of 0.3 ug/mL, yielding an apparent affinity Kd of \~0.6 nM. This was identical for all three cell types, and thus, was independent of the chosen cancer target or targeting vehicle.

We next assessed self-assembly onto tumours in live mice, initially in the CD20-positive Daudi lymphoma model. SCID mice were injected with Daudi-GFP^[@R9]^ cells i.p, followed 24 hours later with injection of either lymphoma-specific anti-CD20-MORF or anti-CD33-MORF isotype control. The mice were treated 24 hours later with fluorescently labeled SWNT-cMORF 24 hours later, and after 6 hours, were sacrificed, and the lymphoma cells were analyzed by flow cytometry. We observed a 20-fold increase in the median fluorescence intensity of the gated Daudi cells in the FL4 channel ([Figure 4, a--b](#F4){ref-type="fig"}) from the anti-CD20 mAb-MORF treated animal, confirming specific assembly on the harvested cells. The isotype control antibody (anti-CD33-MORF) treated animals did not demonstrate binding or self-assembly.

A subcutaneous, xenografted, solid tumour (LS174T colon adenocarcinoma model,) in which tumour penetration of each of the components is more difficult, was targeted with i.v. anti-A33 antibody. After 24 hours, SWNT-cMORF-(^111^In)DOTA second step was administered in the same fashion. The accumulation of SWNT-cMORF-(^111^In)DOTA in blood and tumour were quantified at 4 and 24 hours ([Figure 4, c](#F4){ref-type="fig"}). The SWNT-cMORF-(^111^In)DOTA rapidly cleared the blood with levels of 1.4 %ID/g and 0.26 % ID/g at 4 and 24 hours, respectively^[@R14]^. At 24 hours, SWNT-cMORF was better retained in the tumours of specifically targeted animals than at 4 hours, and there was a modest, but significant increase in the tumour to blood ratio for the specifically targeted tumours versus the isotype control ([Figure 4, c](#F4){ref-type="fig"}). Unlike tumour in [Figure 4c](#F4){ref-type="fig"}, no other measured tissues showed significant enhancement of specifically treated cells versus the isotype ([Figure S3](#SD2){ref-type="supplementary-material"}). As with other soluble SWNT constructs^[@R8]^, we observed off-target accumulation of the unbound molecule in the kidneys. A time-based biodistribution of the injected SWNT second step construct in selected organs is provided ([Figure S4](#SD2){ref-type="supplementary-material"}) as well as a more complete clearance analysis at 24 hours post-injection ([Figure S5](#SD2){ref-type="supplementary-material"}).

Self-assembly on cells leads to capping and internalization {#S3}
===========================================================

We also wanted to determine the fate of the self-assembled SWNT-cMORF/mAb-MORF complexes on the cell surface. Confocal microscopy studies were used to track anti-A33 antibodies and anti-A33/SWNT complexes after assembly on the LS174T cells and incubated at 37°C in culture medium for up to 24 hours. When cells were treated with the anti-A33 antibody alone (green), the antibody was stable on the cell surface for up to 24 hours ([Figure 3](#F3){ref-type="fig"}, column a). A33 was chosen for this demonstration due to its slow internalization and lysosomal degradation with a turnover of 6 weeks at 37°C^[@R36],\ [@R37]^, similar to CD20^[@R38]^, used in our therapy studies. The anti-A33-MORF antibody conjugate alone was stable on the cell surface and remained evenly distributed ([Figure 3](#F3){ref-type="fig"}, column b). However, when SWNT-cMORF (pink) was added to anti-A33-MORF pre-targeted cells, followed by up to 4 hours of incubation at 37°C, we observed a dramatic change in the distribution of antibody in the target cells ([Figure 3](#F3){ref-type="fig"}, column c) including clustering of the self-assembled mAb-MORF/SWNT-cMORF complexes on the cell membrane, leading to punctate staining suggestive of antigen capping ([Figure 3](#F3){ref-type="fig"}, schematic f (c1)). Relevant controls did not result in any change in staining pattern.

This clustering phenomenon continued to increase through the 4 hours assayed, suggesting an endocytic uptake of the anti-A33-MORF/SWNT-cMORF complexes upon self-assembly into multimeric surface structures, separate from internalization of individual A33 molecules. Therefore, as SWNT-cMORF constructs can bind multiple antibodies on the cell surface, this cross-linking apparently leads to promotion of rapid intracellular delivery of the complexes in line with observations of cross-linking upon prolonged mixing of SWNT-cMORF and Ab-MORF ([Figure S1](#SD2){ref-type="supplementary-material"}). To test this hypothesis, we treated anti-A33-MORF targeted cells with free cMORF oligonucleotides, which should not bind multiple antibodies. When cells pretreated with anti-A33-MORF were subsequently treated with fluorescently labeled cMORF alone, the staining profile of the cMORF was completely co-localized with the antibody and the pattern of surface binding was unchanged from antibody alone ([Figure 3, d and f (d1)](#F3){ref-type="fig"} - compare with a,b). This result suggests that the capping and internalization phenomenon depended on the multivalency of the second step. While not imperative to this study, this finding may predict endocytotic delivery through cross-linking for some surface markers that are known to slowly internalize, and implicates SWNTs as an effective tool for such plaque formation.

SWNT-cMORF-DOTA as a vehicle for ^225^Ac mitigates toxicity {#S4}
===========================================================

To demonstrate that the SWNT-cMORF constructs would be effective in a therapeutic model of human lymphoma using a xenografted SCID mouse model, we conducted a dose-escalation toxicity study and biodistribution in vivo. The rapid clearance of the secondary agent should offer an improved therapeutic index due to reduced circulation time of the cytotoxic effector. In accordance with our previous clearance studies^[@R7],\ [@R8],\ [@R14]^, biodistribution experiments performed with SWNT-cMORF-(^111^In) showed that the majority of the total injected dose (\~77% ID) was excreted (largely in urine) by 24 hours, and no organ other than the kidney had more than 0.2% of the injected dose per gram after one hour ([Figure S4, S5](#SD2){ref-type="supplementary-material"}).

This rapid clearance of radiolabeled SWNT markedly reduced toxicity in mice when compared to similarly radiolabeled "single step" monoclonal antibodies, free ^225^Ac, or antibodies labeled with the MORF directly. For monoclonal antibodies directly labeled with ^225^Ac, the maximum tolerated dose in mice is 450nCi in a single injection, while for ^225^Ac alone ([Figure 5a](#F5){ref-type="fig"}) this dose was rapidly lethal^[@R34],\ [@R39]--[@R41]^.

Although we observed dose-dependent body weight loss and organ weight loss in mice receiving the radiolabeled SWNT-cMORF-(^225^Ac)DOTA ([Figure 5a](#F5){ref-type="fig"}, [S6](#SD2){ref-type="supplementary-material"}), all mice administered with SWNT-cMORF-(^225^Ac)DOTA below 2250 nCi survived through the 140 day experiment. One of five mice and two of five mice died in the 2250 nci and 2700 nCi groups respectively. Mice at dose levels of 1350 to 2700 nCi showed limited dose-dependent toxicity including reduced bone marrow and splenic cellularity and smaller glomeruli at 140 days ([Figure S6](#SD2){ref-type="supplementary-material"}).

The pre-annealed "single-step" toxicity study conducted for comparison demonstrated that all dosing groups (450--1800nCi) reached a dose-dependent, terminal morbidity starting at six days post injection, presumably from the annealed structure's inability to clear the kidneys ([Figure 5b](#F5){ref-type="fig"}, [S7](#SD2){ref-type="supplementary-material"}). The maximum tolerated dose of the pre-annealed material (\<450nCi) was reached at a dose at least six-fold lower than when using the nanotube carrier (\>2700nCi) and median survival was at least 10 fold shorter (\<2 weeks vs \>20 weeks.) The rapid lethality of the one step approach prohibited a direct comparison of the two strategies in therapy models.

Therapy with SWNT-cMORF-(^225^Ac)DOTA {#S5}
=====================================

Mice were implanted with Daudi lymphoma cells in the peritoneal cavity followed by multistep therapy one week later, after tumour confirmation. The study included 10 groups of 5 mice each, consisting of 3 treatment groups and 7 control groups ([Methods Table 1](#SD2){ref-type="supplementary-material"}). Tumour imaging studies demonstrated effective dose-dependent therapy in all 3 treatment groups ([Figure 6](#F6){ref-type="fig"}, [S8](#SD2){ref-type="supplementary-material"}). There was complete elimination of tumour burden in treatment groups 8 and 9 (666 nCi SWNT-cMORF-(^225^Ac)DOTA and 999 nCi SWNT-cMORF-(^225^Ac)DOTA. Mice in the saline control, and cold SWNT control showed rapid progression of tumour burden. Mice treated with anti-CD20-MORF alone showed a brief reduction in tumour load that was attributed to a transient response to the unlabeled anti-CD20 antibody, which is known to be a potent therapeutic alone (Rituximab). Mice treated with the isotype control anti-CD33-MORF followed by SWNT-cMORF-(^225^Ac)DOTA at several dose levels showed transient responses, attributable to non-specific irradiation from Ac-225. Finally, to demonstrate that the therapeutic effect was due to self-assembly and not simply additive effects of each component of the therapy, we included a dual control of anti-CD20-MORF followed by SWNT-cMORF-(^225^Ac)DOTA that had been mixed with excess free MORF to block hybridization. In this group, four of five mice had marked tumour progression, while one mouse had a therapeutic response attributed to the additive effects of anti-CD20-MORF and non-specific radiation.

The SWNT construct has the advantage over a small molecule of vastly amplified delivery of cytotoxic moieties. This was shown by direct conjugation of cMORF through its terminal amine to DOTA chelators (cMORF-DOTA), similar to work pioneered by Hnatowich et al.^[@R31]^. The SWNT's carrying capacity due to sheer size (\~ 430,000 Daltons -- calculated via equation in [Figure S11](#SD2){ref-type="supplementary-material"}) allows the maximum delivery of \~115 ^225^Ac cytotoxic moieties per bound second-step molecule compared to a maximum of 1 can be delivered through a cMORF-DOTA small-molecule construct. In addition, cMORF-(^111^In) DOTA delivered \~1% of the radioactivity of that of SWNT-cMORF-DOTA second-step ([Figure S9](#SD2){ref-type="supplementary-material"}) with less non-specific accumulation.

Antibody-drug conjugate and radioimmunotherapy strategies to treat cancer have been limited by poor therapeutic indexes. The high aspect ratio of carbon nanotubes offers unique properties that makes them desirable carriers in cancer drug delivery and distinguish them from antibodies or other nano-particulate carriers. Foremost among these features are the pharmacological ability of SWNT carriers to be rapidly and efficiently eliminated from circulation by renal filtration, and to carry orders of magnitude more ligands than conventional vehicles like mAbs^[@R14]^.

Having shown the feasibility of the model through toxicity studies, we next demonstrated that carbon nanotubes can target tumours in a multistep approach. We synthesized covalently modified SWNT bearing multiple copies of morpholino oligonucleotides, fluorophores, and radioisotopes. The SWNT-cMORF conjugates were capable of specific self-assembly onto antibody targeted cancer cells *in-vitro* and in mice with potent therapeutic effects in xenograft tumours. In addition, the ability to trigger internalization of a surface antigen through SWNT-cMORF self-assembly is promising, and may enhance therapeutic efficacy of agents appended to the SWNT for some targets. The second step in such a self-assembly approach could also be used as a trigger for internalization of the initial targeting agent, further diversifying the utility of this approach and improving the therapeutic index.

These SWNT-cMORF -^225^Ac, constructs, demonstrated rapid clearance with resultant five to ten-fold reduction of toxicity when compared to a single-step (pre-annealed) approach. While the use of a small molecule as the second step vehicle was found to be feasible, it lacked amplification by two orders of magnitude. The further application of SWNT-cMORF conjugates as imaging and therapeutic agents, particularly in the context of the pharmacologic challenges of delivery to solid tumours, requires careful optimization to improve the tumour to normal tissue ratios with regard to the timing, dose levels, and point of injection in a two-step strategy^[@R42]^. Engineering the SWNT properties, such as surface charge, is likely to further minimize non-specific accumulation by the reticuloendothelial system and reabsorption by renal proximal tubules^[@R7],\ [@R8],\ [@R14],[@R43]^. These findings highlight the importance of engineering a particle targeting strategy to take full advantage of the nanomaterial's pharmacokinetic and pharmacodynamic behaviors. Such strategies are able to exploit the properties that arise from nanoscale physical features, and move towards a feasible nanomedicine.

Methods {#S6}
=======

Modification of SWNT and antibodies {#S7}
-----------------------------------

High purity (\>90% SWNT) single walled carbon nanotubes were obtained from NanoLab Inc (Waltham, MA) and purified^[@R33]^ ([Supplemental methods and Figure S10](#SD2){ref-type="supplementary-material"}). Morpholino oligonucleotides were custom synthesized (Gene Tools Inc.) and contained primary amines on the 3' end. The primary amine was capped with either an aldehyde or hydrazine moiety for conjugation to the antibodies or nanotubes, respectively. Monoclonal antibodies HuM195/Lintuzumab/anti-CD33; (Sloan-Kettering), Rituximab/anti-CD20 (Genentech), and huA33/anti-A33 (Ludwig Institute) were conjugated to the oligonucleotide and purified (See [Supplementary methods](#SD2){ref-type="supplementary-material"}.)

In Depth Characterization of Constructs {#S8}
---------------------------------------

Constructs averaged 350 nm in length by DLS and TEM with diameter of approximately 1.2nm giving 12 carbon atoms per 2.5 angstroms. They were characterized by Raman spectroscopy, a spectrally quantifiable bis-aryl hydrazone linkage between the two entities^[@R6],\ [@R35]^, and for amine content by a quantitative ninhydrin assay^[@R44]^ The average unmodified and modified nanotube molecular weight (434,968.20 g/mol, \~1.22E6 g/mol) derivation is provided ([Figure S11](#SD2){ref-type="supplementary-material"}). Custom synthesized morpholinos^[@R45]^, bearing 3' primary amines were reacted with succinimidyl hydrazine nicotinamide and purified to yield the cMORF-HyNic product. The cMORF-HyNic was coupled with the aldehyde functionalized SWNT to yield the SWNT-cMORF conjugate ([Figure 1a](#F1){ref-type="fig"}, **3**). The remaining amines in compound **3** were then either modified with the radiometal chelating moiety, DOTA, for subsequent labeling with radiometals ([Figure 1a](#F1){ref-type="fig"}, **5**), or reacted with the activated ester of Alexa Fluor 647 to introduce a fluorescent label for microscopy and cytometric assays ([Figure 1a](#F1){ref-type="fig"}, **4**) to yield 1 DOTA or Alexa Fluor per 316 carbon atoms or approximately 115 adducts per median-lengthed tube The DOTA chelator was labelled^111^In was used for biodistribution and binding studies or ^225^Ac, an alpha-particle emitting cytotoxic isotope for toxicity and therapeutic models.

Binding studies in mice {#S9}
-----------------------

Each mouse was injected with 20 million cells. After 6 hours, the mice were treated with 3 ug of morpholino conjugates of either Daudi specific anti-CD20 Rituximab (anti-CD20-MORF) or isotype control anti-CD33 HuM195 (anti-CD33-MORF). 16 hours later, mice were injected i.p. with 2 ug of SWNT-cMORF-AF647. The SWNT-cMORF-AF647 was allowed to circulate and bind for 4 hours, after which mice were sacrificed and the lymphoma cells collected by lavage of the i.p. cavity with 0°C PBS. For solid tumour studies, 5--7 week old female NCI nu/nu mice were xenografted with 5 million LS174T cells subcutaneously into the right flank. Once tumours reached \~150 mm^3^, at about 7 days, mice were treated with i.p. injection of 20 ug of either tumour specific anti-A33-MORF or isotype control anti-CD33-MORF antibodies diluted in normal saline. 72 hours after treatment with the antibodies, the mice were injected with 12 ug of SWNT-cMORF-(^111^In)DOTA intravenously via the retro orbital sinus. At various time points mice were sacrificed, their organs harvested and weighed; the radioactivity was counted on a Cobra II gamma counter (Packard).

Toxicology study in mice: SWNT-cMORF-DOTA {#S10}
-----------------------------------------

SWNT-cMORF-DOTA were labeled with ^225^Ac at a 98.4% radio-chemical purity. 45 BALB/c mice (NCI Labs,) age 5--7 weeks. Mice were randomly divided into 9 groups of 5 mice and received a single injection as described ([Supplementary methods Table S1](#SD2){ref-type="supplementary-material"}). Each group was visually assessed and weighed regularly over 140 days. Histological evaluation was performed by a MSKCC veterinary pathologist blinded to the treatment groups.

Toxicology study in mice: Pre-annealed Ab-MORF\--SWNT-cMORF-DOTA(^225^Ac) {#S11}
-------------------------------------------------------------------------

Mice were randomly divided into 7 groups of 5 mice and received a single injection as described ([Supplemental methods Table S2](#SD2){ref-type="supplementary-material"}): Mice were followed until death or weight stabilization had occurred.

Therapy study in mice {#S12}
---------------------

SWNT-cMORF-DOTA were labeled with ^225^Ac at a 96% radiochemical purity. CB17SC-F SCID mice (Taconic Labs,) age 5--7 weeks, were injected I.P. with 20 million firefly-luciferase expressing Daudi lymphoma cells. After one week, mice were imaged to confirm establishment of tumour, then randomly assigned into 10 treatment groups of 5 mice each ([Table 1](#T1){ref-type="table"}) that received two sequential injections at 0 and 24 hours. Mice were imaged and photons quantitated for tumour burden on day 3, 6, 9 and 15 after the injection of the second step.

For additional Methods, please see [supplementary information](#SD2){ref-type="supplementary-material"}.
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![Design and HPLC characterization of self-assembling SWNT-cMORF constructs\
(a) Synthetic scheme for chemical functionalization of SWNT-NH~2~ to produce radio- and fluorescent labeled SWNT-cMORF conjugates (b) Diagrammatic representation (not to scale) of SWNT-cMORF self-assembly onto mAb-MORF targeted tumour cells. Blue triangle is tumour antigen; green dot is appended cytotoxic or diagnostic moiety. (c) 3D gel permeation HPLC chromatograph of compound 3 (SWNT-cMORF-NH~2~) tracing the spectrum of eluted material across time. Only a single peak is evident and the spectrum is consistent with SWNT modified with bis-aryl hydrazone groups (shoulder at **λ** = \~354 nm and decreasing absorption through 600nm -- an identifying quality of nanotubes)](nihms518700f1){#F1}

![Self-assembly of SWNT-cMORF onto tumour cells pretargeted with mAb-MORF is highly specific and high affinity\
**a**) Quantitation of flow cytometric assay of binding of SWNT-cMORF-AF647 onto HL60 cells. Pretreatment was with HL60 specific anti-CD33-MORF, isotype control anti-CD20-MORF, or specific anti-CD33-MORF + blocking with excess free cMORF. Data is presented as the change in median fluorescence. **(b)** Quantitation of flow cytometric assay of binding of SWNT-cMORF-AF647 onto DAUDI cells. Pretreatment was with DAUDI specific anti-CD20-MORF, isotype control anti-CD33-MORF, or specific anti-CD20-MORF + blocking with excess free cMORF. **(c)** Quantitation of flow cytometric assay of binding of SWNT-cMORF-AF647 onto LS174T cells. Pretreatment was with LS174T specific anti-A33-MORF, isotype control anti-CD33-MORF, or specific anti-A33-MORF + blocking with excess free cMORF. **(d)** Representative flow cytometric histogram of cell binding assay with SWNT-cMORF-AF647 on untreated (red), isotype control pretargeted (black), specific pretargeted + cMORF block (blue), or specific pretargeted (green) LS174T cells. **(e)** Binding curve for SWNT-cMORF-AF647 onto anti-CD20 pretargeted Daudi cells (squares) and anti-A33 pretargeted LS174T cells (triangles). Curves were fit using GraphPad Prism using an algorithm for one-site specific binding with variable Hill slope (R^2^ = 0.95, 0.97).](nihms518700f2){#F2}

![SWNT-cMORF conjugates are able to induce antigen capping and internalization when self-assembled onto cells targeted with mAb-MORF (images organized in columns)\
**(a)** Anti-A33 (green, row 2) remained stably bound to LS174T cells (blue, DAPI nuclear stain, row 1) at 37°C for up to 24 hours (4 hours is shown) and were evenly distributed about the cell membrane. **(b)** Anti-A33-MORF conjugates (green, row 2,5) exhibited similar surface stability when bound to LS174T cells (blue, rows 1,3). High power images are provided (rows 4,5,6), as well 647nm views showing the absence signal (rows 3,6) **(c)** Cells pretreated with A33-MORF (green, rows 2,5) followed by SWNT-cMORF-AF647 (pink, rows 3,6), allowing for self-assembly at 37°C for up to 4 hours, demonstrated a significant change in the distribution of the bound antibody with a change to scattered punctate staining. A similar pattern was observed for 30 min and 1 hr incubations. High power images are provided (rows 4,5,6). **(d)** Cells treated with anti-A33-MORF (green, rows 2,5) followed by cMORF-AF647 (pink, rows 3,6) alone did not demonstrate change in distribution of A33 about the cell membrane. High power images are provided (rows 4,5,6). Anti-A33-MORF was evenly distributed about the plasma membrane, and cMORF-AF647 co-localized with the targeted mAb-MORF. **(e)** A composite staining of conditions in (c) with pink and green forming a yellow overlay (enlargement provided in [Figure S2](#SD2){ref-type="supplementary-material"}). **(f)** Schematic model of self-assembly process and cross-linking shown (not to scale) illustrating conditions of columns (c), above and (d).](nihms518700f3){#F3}

![SWNT-cMORF can selectively self-assemble onto pretargeted tumours in-vivo\
**(a)** Flow cytometric analysis of CD20 positive, CD33 negative Daudi-GFP cells harvested from mice treated with either isotype control anti-CD33-MORF, or tumour specific anti-CD20-MORF. Data show the shift in median fluorescence from untreated Daudi-GFP cells (representative mice are shown). The SWNT-cMORF bound selectively to the tumour cells in mice pre-targeted with specific antibody as evidenced by the 20-fold increase over the control. (b) Representative flow cytometric histograms of data in panel (a) shows untreated cells (red), isotype mAb-MORF (anti-CD33-MORF) treated cells (blue), and specific mAb-MORF (anti-CD20-MORF) treated cells (green). (c) Tumour to blood ratios (T:B) for LS174T tumoured mice pretargeted with either specific anti-A33-MORF or isotype control anti-CD33-MORF followed by injection of SWNT-cMORF-^111^In(DOTA). Signal measurements in %ID per gram were measured at 4 or 24 hours post injection of injection of SWNT-cMORF-^111^In(DOTA). There was a significant increase (p\<0.05) in tumour accumulation of SWNT-cMORF-^111^In(DOTA) at the tumour site only when pre-targeted with specific antibody as compared to isotype control.](nihms518700f4){#F4}

![SWNT-cMORF-(^225^Ac)DOTA mitigates radioisotope toxicity and can be used as an effective agent in multistep therapy of disseminated lymphoma\
**(a)** Whole animal weights of tumour-free mice treated with varying dose levels of ^225^Ac labeled SWNT-cMORF-DOTA. An additional group of mice received 450 nCi of free ^225^Ac as a control. Data reflect average weights, n=5 for all groups. Each animal death is noted by a single asterisk. Toxicity study was halted at 140 days. Median survival was greater than 20 weeks in all groups **(b)** Kaplan-Meier plot of pre-annealed "single-step" treatment mouse survival with comparison to not annealed **(a)** 1800 nCi group from Fig 5a.. Toxicity study was halted at 40 days. Median survival was less than 2 weeks in all groups.](nihms518700f5){#F5}

![SWNT-cMORF-(^225^Ac)DOTA can be used as an effective agent in multistep therapy of disseminated lymphoma\
Mice previously implanted with luciferase-transfected Daudi lymphoma cells were injected with 5mg/ml luciferin and imaged after a 5 minute delay. The parameters are equivalent for all images, but as a trade-off, this leads to saturation that disallows quantification. Mice were treated with multistep therapy as previously noted and imaged at days 0, 3, 6, and 15 post treatment. Growth, Rituximab therapy, isotype high-dose radiation, and blocked 2-step controls are provided. For further controls see also [Figure S8](#SD2){ref-type="supplementary-material"}.](nihms518700f6){#F6}

###### 

Control and experimental groups for SWNT-cMORF-225Ac(DOTA) therapy of Daudi lymphoma

  --------------------------------------------------------------------------------------------------------------------------------
  Group                                       Injection 1,\          Injection 2, 24h (200 uL)
                                              0h(200uL)              
  ------------------------------------------- ---------------------- -------------------------------------------------------------
  1 Untreated Control                         Saline                 Saline

  2 Anti-CD20 alone control                   1.5ug anti-CD20-MORF   Saline

  3 Unlabeled SWNT Control                    Saline                 SWCNT-cMORF-DOTA (**0** nCi ^225^Ac) (3.57ug)

  4 Isotype control                           1.5ug anti-CD33-MORF   SWCNT-cMORF-DOTA (**333**nCi ^225^Ac) (1.19ug)

  5 Isotype control                           1.5ug anti-CD33-MORF   SWCNT-cMORF-DOTA (**666**nCi ^225^Ac) (2.38ug)

  6 Isotype control                           1.5ug anti-CD33-MORF   SWCNT-cMORF-DOTA (**999**nCi ^225^Ac) (3.57ug)

  7 Treatment group                           1.5ug Anti-CD20-MORF   SWCNT-cMORF-DOTA (**333**nCi ^225^Ac) (1.19ug)

  8 Treatment group                           1.5ug Anti-CD20-MORF   SWCNT-cMORF-DOTA (**666**nCi ^225^Ac) (2.38ug)

  9 Treatment group                           1.5ug Anti-CD20-MORF   SWCNT-cMORF-DOTA (**999**nCi ^225^Ac) (3.57ug)

  10 Blocked treatment group "Dual Control"   1.5ug Anti-CD20-MORF   MORF Blocked SWCNT-cMORF-DOTA (**999**nCi ^225^Ac) (3.57ug)
  --------------------------------------------------------------------------------------------------------------------------------

[^1]: Contributed equally.
